We demonstrate that filaments generated by ultrashort laser pulses can induce a remarkably large birefringence in Argon over its whole length, resulting in an ultrafast "half-wave plate" for a copropagating probe beam. This birefringence originates from the difference between the nonlinear refractive indices induced by the filament on the axes parallel and orthogonal to its polarization. An angle of 45° between the filament and the probe polarizations allows the realization of ultrafast Kerr-gates, with a switching time ultimately limited by the duration of the filamenting pulse. 
Introduction
The propagation of laser filaments in gases is now well understood as a dynamic balance between Kerr self-focusing and defocusing on laser-generated plasma [1] [2] [3] [4] [5] . Filaments have been characterized in detail in many regards, in particular from the spectral, temporal and spatial point of view. They are able to deliver high intensities (several 10 13 W/cm 2 ) over distances far beyond the diffraction limit, therefore providing unique capabilities for applications like atmospheric remote sensing [6] , lightning control [7] or few-cycle pulses generation [8, 9] .
However, polarization has been left apart in the investigations to date, except for a few pioneering works [10] [11] [12] [13] dealing with the influence of the incident polarization on the filament themselves. Studies of filament-induced changes in the refractive index of air have only considered long-lasting effects (nanoseconds to microseconds) of the plasma left behind the pulse [14, 15] . Self-induced birefringence has been observed to generate refractive index changes ∆ n in the 10 -5 range [16] for ultrashort lasers focused into gases. The resulting phase shift remains, however, marginal as diffraction restricts the effect to a Rayleigh length of about 100 µm around the beam waist position. In this Letter, we demonstrate that the unique interaction length and the high-intensity conveyed by laser filaments in a rare gas, namely Argon, are sufficient to induce a "half-wave plate" effect, rotating the incident linear polarization of a non-filamenting probe pulse by an arbitrarily selected angle.
Experimental setup and numerical methods
A sketch of the experiment is displayed in Fig. 1 . Slightly chirped driving (800 nm, 1 mJ, 100 fs) and probe (400 nm, 1 µJ, 100 fs) pulses, both linearly polarized and slightly focused (f = 1 m), propagate collinearly in an Argon-filled cell of 2 m length. While the driving pulse generates a single filament, the probe pulse propagates linearly in absence of the driving pulse. The relative delay between the two pulses can be adjusted by a delay line. The zero delay was determined using a sum-frequency autocorrelation. A zero-order half-wave plate is used to set the input polarization of the driving pulse, taken as the reference (x axis, θ = 0°). At the output of the cell, the intensity of a small portion of the probe beam is selected by a pinhole (1 mm diameter) to avoid birefringence inhomogeneities related to the beam intensity transverse profile, and measured through a polarizer (Glan cube). The time-integrated signal, as a function of the polarizer orientation, bears both the ellipticity and the polarization axis of the output probe pulse. In particular, a linear polarization appears as a squared cosine function. We also compare the experimental results with numerical simulations based on a 2D+1 model, where the scalar envelope ε = ε(r, z, t), with cylindrical symmetry around the propagation axis, evolves according to the Non-Linear Schrödinger Equation (NLSE) as derived by Mlejnek et al. [17] : (1) where t refers to the retarded time in the reference frame of the pulse with corresponding to the group velocity of the carrier envelope. The terms on the right-hand side of the equation account for spatial diffraction, second order dispersion, instantaneous Kerr effect, plasma defocusing through refraction, absorption, and losses due to multiphoton absorption, respectively. corresponds to the critical plasma density above which the plasma becomes opaque (1.7x10 21 cm -3 at 800 nm). In addition, the constant represents the cross-section for electron-neutral inverse Bremsstralung (τ is the electron-atom relaxation time constant) and β K corresponds to the coefficient of multiphoton absorption, K being the minimal number of photons necessary to ionize the medium, Argon in our case.
β K is expressed as where is the Argon density, n 2 is the non-linear refractive index of Argon (at 1 atm, n 2 = 3.2 x 10 -19 cm 2 /W at 800 nm and n 2 = 4.9 x 10 -19 cm 2 /W at 400 nm) and is the multiphoton ionization crosssection. The dynamics of the electric field is coupled to the plasma density by the multiphoton ionization process. The Argon ionization follows the equation: (2) By numerically solving the NLSE with a Fourier Split-Step scheme in a fully implicit method [18] with input parameters corresponding to our experiment (E = 750 μJ, Δt FWHM = 30 fs, and a residual chirp of 330 fs 2 ), we calculated the evolution of the pulse intensity profile as a function of propagation distance z for each considered Argon pressure. , but rotated to 57±2°, symmetrical to the initial one with regard to that of the filamenting pump beam. This probe polarization flipping is the same as would be expected with a half-wave plate inserted in the probe beam path with its neutral axis at 0°. More precisely, the observed filament-induced birefringence corresponds to a λ probe /2.1 "waveplate", i.e. the difference in the optical paths between the parallel and the perpendicular components of the probe beam amounts 1/2.1 optical cycle. Such a remarkably large dephasing therefore provides a way to tilt the linear polarization of an ultrashort laser pulse by a controlled amount: The angle of rotation of the probe polarization is twice the angle that is initially set between the input probe pulse polarization and the driving beam polarization, which undergoes filamentation, as shown in Fig 2(c) . Notice, in particular, that choosing a 45° angle between the polarizations of the driving and probe beams flips the probe polarization by 90° at the cell exit. Setting the polarizer perpendicular to the initial probe polarization allows then to switch the probe beam intensity on and off. The polarization of the probe pulse is only affected within a short range of time delays between the two pulses (200 fs), corresponding to the measured cross-correlation between the pump undergoing filamentation and the probe beam. The effect is maximum when the two pulses temporally overlap. This observation is consistent with the fact that the optical Kerr effect in a monoatomic rare gas like Argon is instantaneous. The duration of the observed "filament-induced Kerr gate" is thus fully controlled by that of the driving laser pulse. Further experiments using few-cycle pulses as driving lasers could therefore lead to optical gates with unprecedented time resolution.
Results and discussion
The mechanism of the observed filament-induced birefringence can be explained by the difference in the non-linear refractive indices generated by the driving laser pulse along its polarization axis and the orthogonal axis, respectively. More precisely, the driving field E filament , polarized along the x-axis (therefore implying 0 filament y E = ), induces a symmetry breaking in the optical response of the isotropic Argon gas. The non-linear Kerr polarizations of the probe beam along x and y respectively read [19] : . As the dominant contribution to the χ (3) tensor in atomic gases like Argon is governed by the electronic cloud response (i.e. by the atomic nonlinear polarizability), and since the filament and probe frequencies are far from any resonant transition of Argon, we can consider that As is usual in filamentation models, the third-order susceptibility of the plasma (ions and electrons) is not taken into account, because (i) electrons only have a significant contribution in the relativistic regime [20] and (ii) the small relative abundance of ions relative to neutral molecules (typically 10 -4 [21] ) and the fact that their third-order susceptibility is smaller than that of neutrals and does not deviate by more than one order of magnitude [20] prevents them from having any measurable contribution. To gain more insight into the pressure dependence, we compared the experimental results with the output of the numerical simulations providing the longitudinal intensity profile at the different pressures, and thus the corresponding birefringence through Eq. (5). This dephasing depends linearly on the Argon pressure, in excellent agreement with the experimental data ( Fig. 5(a) (6) . Such underestimation is due to the fact that the calculations overestimate the pump intensity, because they consider that of the beam center while the actual intensity is lower in the beam region selected by the pinhole. Further work is required to provide a quantitative transverse profile of filament-induced birefringence and achieve a better quantitative agreement.
As can be seen on Fig. 5(b) , our simulations show that higher pressures (i.e. higher values) result in longer filaments with lower intensity clamping [21, 22] As the dephasing depends monotonically on the pressure, any
probe XPM ϕ Δ value may be generated by choosing an adequate Argon pressure. For example, an interpolation of the experimental data presented in Fig. 5 suggests that an equivalent "λ/4 plate" can be generated for 1.7±0.1 bar. Even further tuning of the birefringence could be obtained by a careful choice of the investigated position within the beam profile, because of the transverse intensity gradients which are expected to generate transverse birefringence variations.
Conclusion
In conclusion, we have demonstrated that laser-generated self-guided filaments can induce substantial birefringence in near-atmospheric pressure gases. An angle of 45° between the filament and the probe polarizations allows the realization of Kerr-gates, with an unprecedented switching time ultimately limited by the duration of the filamenting pulse. An optical ultrafast switch could even be initiated remotely by self-guided filaments in the atmosphere [6, [23] [24] [25] , even in perturbed conditions [26] [27] [28] , opening new perspectives for remote optical ultrafast data transmission and processing, e.g. remote ultrafast optical logical gates.
